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Abstract  Cardiac  magnetic  resonance  (CMR)  provides  a  high  signal-to-noise  ratio,  high  spa-
tial and  temporal  resolutions,  as  well  as  a  delayed-enhancement  sequence  and  is  therefore
considered  a  reference  technique  in  the  ﬁeld  of  cardiac  imaging.  However,  currently  available
sequences  are  not  adequate  to  assess  some  pathologic  conditions,  such  as  myocardial  edema.
T2 mapping  sequences  generate  parametric  images  that  are  based  on  the  transverse  relax-
ation time  (T2)  for  each  voxel.  In  case  of  edema,  the  T2  relaxation  time  is  longer.  This  review
summarizes  current  knowledge  on  CMR  T2  mapping  for  assessing  myocardial  edema.© 2015  Éditions  franc¸aises  de  radiologie.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.Myocardial  edema  is  an  important  pathophysiological  component  in  many  acute,
ischemic  and  non-ischemic  heart  diseases  (myocardial  infarction,  myocarditis,  Takotsubo
cardiomyopathy,  graft  rejection,  etc.).  To  date,  only  CMR  can  assess  non-invasively  myocar-
dial  edema,  by  using  T2-weighted  sequence  images.  These  images  are  based  on  the
prolongation  of  the  transverse  relaxation  time  caused  by  edema,  because  of  water  accu-
mulation,  and  an  increased  proportion  of  free  water  [1,2]. Edema  appears  as  a  high  signal
intensity  on  these  images,  the  most  common  sequence  being  STIR  (Spin  Echo  with  Triple
Inversion  Recovery)  where  the  signal  from  fat  and  blood  pool  is  suppressed  to  improve
Abbreviations: AAR, Area at risk; CMR, Cardiac magnetic resonance; EMB, endo-myocardial biopsy; LE, Late enhancement; MRI, Magnetic
resonance imaging; MVO, Microvascular obstruction.
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he  contrast  between  edema,  normal  myocardium  and
eft  ventricular  cavity.  T2-weighted  images  have,  how-
ver,  many  limitations,  making  them  poorly  robust  for
ssessing  myocardial  edema  [3].  The  limitations  include:
 low  signal-to-noise  ratio  (and  therefore  a  mediocre
ontrast  between  the  healthy  and  edematous  areas),
 high  dependency  on  magnetic  ﬁeld  inhomogeneity,  a
oss  of  signal  secondary  to  cardiac  motion  across  the
lane  in  black  blood  preparation,  a  subendocardial  slow
ow  hyperintensity,  susceptibility  to  motion  artifacts  and
nally  subjective  visual  interpretation  [3,4].  Some  authors
ave  tried  to  overcome  these  limitations  by  develop-
ng  a  hybrid  bright-blood  TSE-SSFP  T2-weighted  sequence
5,6].
T2  mapping,  or  T2  transverse  relaxation  time  mapping,
s  a  technique  used  to  construct  a  parametric  image  based
n  the  transverse  relaxation  time  of  each  voxel.  This  review
xamines  current  knowledge  on  myocardial  edema  assess-
ent  using  1.5  T  CMR  T2  mapping.
2 mapping sequence: principles
agnetic  resonance  imaging  measures  the  energy  released
y  protons  during  the  relaxation  phase,  energy  that  has  pre-
iously  been  accumulated  during  the  excitation  phase.  The
elaxation  phase  includes  a  longitudinal  component  charac-
erized  by  the  T1  relaxation  time  (time  to  recover  63%  of
nitial  magnetization)  and  a  transverse  component  charac-
erized  by  the  T2  relaxation  time  (time  to  recover  37%  of  the
nitial  magnetization).  The  T1  and  T2  values  vary  with  the
iochemical  features  of  tissues  and  thereby  enhance  CMR
iagnosis.
The  T2  relaxation  time  is  measured  using  the  T2-prepared
SFP  sequence  [7].  This  sequence  is  prospectively  ECG-
riggered  and  generates  three  T2-weighted  images,  based  on
 balanced  SSFP  sequence  started  after  preparation  for  mag-
etization.  Preparation  is  applied  over  an  increasing  period
0,  24  and  55  ms),  which  allows  increasing  echo  times  to  be
pplied.  The  repetition  time  is  3  RR  intervals  to  achieve  lon-
itudinal  relaxation  (Fig.  1).  A  transverse  relaxation  curve
an  then  be  constructed  over  7  RR  intervals  i.e.  a  recording
ime  of  7  seconds  for  a  patient  with  a  heart  rate  of  60  beats
er  minute.  The  parametric  image  is  created  based  on  the
2  value  calculated  (in  ms)  for  each  voxel.  Motion  correction
MOCO)  may  be  applied.  T2  maps  can  be  analyzed  visually
n  a  grey  (or  color)  scale  but  can  also  be  analyzed  quantita-
ively  with  rapid  measurements  in  regions  of  interest  drawn
y  the  investigator.
At  1.5  T,  the  normal  myocardium  T2  value  was  mea-
ured  at  52  ±  3  ms  by  Giri  et  al.  in  14  healthy  volunteers
nd  at  55  ±  5  ms  in  73  healthy  volunteers  by  Wassmuth
t  al.  The  value  is  independent  of  body  surface  area  or
eart  rate  [7,8].  These  values  have  been  conﬁrmed  in
ther  studies.  Verhaert  et  al.,  Manrique  et  al.,  Usman
t  al.,  Thavendiranathan  et  al.  and  Gouya  et  al.  reported
alues  of  55  ±  2  ms,  56  ±  5  ms,  52  ±  3  ms,  54  ±  3  ms  and
6  ±  4  ms,  respectively,  in  healthy  volunteers  [9—13].  One
tudy  reported  a  signiﬁcantly  higher  normal  4-cavity  T2
alue  (60  ms)  than  for  the  short  axis  T2  value  (56  ms),  prob-
bly  due  to  a  partial  volume  effect  and  residual  myocardial
otion  [8].  In  this  study,  the  T2  value  correlated  inversely
[
T
dP.  Montant  et  al.
ith  wall  thickness  as  the  region  of  interest  deﬁned  by
he  investigator  may  have  included  left  ventricular  cav-
ty  or  epicardial  fat  voxels,  an  effect  with  could  produce
alse  positive  results  in  clinical  practice  [8]. The  nor-
al  myocardial  T2  measure  was  lower  at  3  T  (39  ±  5  ms)
14].
From  the  literature,  it  appears  that  the  feasibility  and
he  reproducibility  of  the  T2  mapping  sequence  are  excel-
ent.  One  hundred  percent  of  the  images  in  the  Verhaert
t  al.  study  were  analyzable  [9].  An  older  sequence  (HASTE),
sed  by  Manrique  et  al.  had  a similar  rate  of  analyz-
ble  images  [10]. Intra-  and  inter-observer  reproducibilities
ave  been  reported  high,  1  ±  1  ms  and  1.6  ±  1.5  ms,  respec-
ively,  with  a  test-retest  coefﬁcient  of  variation  of  7%
8].  Ugander  et  al.  measured  the  area  at  risk  (AAR)  (in
ram,  the  product  of  myocardial  volume  with  a  T2  value
f  >  2  SD  the  healthy  myocardial  value  and  of  the  myocar-
ial  tissue  density  estimated  to  be  1.05  g/cm3)  and  also
ound  excellent  intra-  and  inter-observer  reproducibilities
f  0.6  ±  2.6  g  and  1.4  ±  4.4  g,  respectively  [15].  Spatial  res-
lution  was  reported  between  2  ×  1.5  ×  6  to  2.5  ×  2  ×  8  mm
8,9,15].
athophysiology of myocardial edema
n  a  normal  state,  intramyocardial  water  is  divided  between
he  intracellular  compartment  (77%)  and  the  intravascu-
ar  compartment  (23%).  Although  water  molecules  diffuse
cross  cellular  and  vascular  membranes,  the  interstitial
ntramyocardial  component  is  poor,  as  a  result  of  Na+/K+
TP-dependent  pumps,  and  because  of  bindings  between
ater  molecules  and  intracellular  proteins  [16].  Different
ypes  of  acute  myocardial  injury  upset  this  water  balance,
eading  to  accumulation  of  intercellular  (cytogenic  edema)
ollowed  by  interstitial  water  (vasogenic  edema).  Edema
s  an  important  component  of  many  acute  heart  diseases,
ncluding  myocardial  infarction,  myocarditis,  Takotsubo  car-
iomyopathy  and  graft  rejection.  Its  pathophysiology  is
ultifactorial  and  depends  on  the  etiology.  Some  exam-
les  include  reduced  activity  of  membrane  pumps  due
o  ATP  deﬁciency  and  water  protein  bonds  caused  by
cidosis  in  ischemia,  vasodilatation  and  increased  capil-
ary  permeability  in  inﬂammatory  processes  [16,17]. In
ddition  to  being  a  marker  of  acute  myocardial  injury,
he  edema  is  associated  with  left  ventricular  systolic
nd  diastolic  dysfunction  and  contributes  to  the  patho-
hysiology  of  ischemic  microvascular  obstruction  (MVO).
dema  also  has  an  effect  on  myocardial  ﬁbrosis  devel-
pment  [18—20].  In  acute  myocardial  infarction,  the
AR  is  deﬁned  as  the  potentially  infarcted  area  in  the
bsence  of  reperfusion  (the  area  perfused  by  the  occluded
oronary  artery).  The  AAR  can  be  subdivided  into  two
omponents,  a necrotic  core  (non-viable  infarcted  zone)
urrounded  by  « salvageable  myocardium  » (viable  non-
nfarcted  zone).  Edema  imaging  has  long  been  considered
 way  to  analyze  the  AAR,  but  this  is  now  being  questioned
21,22].
As water  increases  the  T2  transverse  relaxation  time,  the
2  mapping  sequence  appears  to  be  promising  in  order  to
etect  and  even  quantify  myocardial  edema.
MR  imaging  assessment  of  myocardial  edema  with  T2  mapping  887
Figure 1. The principle of the T2 mapping sequence—construction of the T2 map. A. three images are recorded with different T2
preparatory module durations and with a long repetition time allowing horizontal relaxation to complete. Seven heartbeats are required
for the acquisition, with the patient holding his/her breath. The 3 images are used as the basis to construct a transverse relaxation curve
e pre
ntras
w
m
s
fand then to calculate the T2 value for each voxel. B. Design of th
impulses. C. Single Shot Balanced-SSFP sequence that optimizes co
Main areas of application of T2 mapping in
assessing myocardial edemaIschemic myocardial edema
As  reported  in  the  literature  and  described  below,  the
T2  value  is  signiﬁcantly  higher  in  infarcted  segments,
i
v
t
Figure 2. Short axis section of the LV in a patient showing signs sugge
sequence shows transmural contrast localized in the apex, sparing the 
contrast into the interstitial sector, arrow). On the right: T2 mapping sh
larger than LE territory (edema secondary to acute infarction, arrow).paratory module with increase in time (T) between the different
t between the myocardium and the cavity.
ithout  overlap  with  the  normal  T2  value  (remote
yocardium  or  myocardium  of  healthy  volunteers).  The
ensitivity  for  detecting  ischemic  edema  is  excellent,
ar  greater  than  that  observed  with  T2-weighted  imag-
ng.  Fig.  2  illustrates  a  short  axis  view  of  the  left
entricle  in  a  patient  with  signs  of  acute  myocardial  infarc-
ion.
stive of myocardial infarction. On the left: the late-enhancement
inferolateral and inferoseptal (myocyte lysis allowing diffusion of
owing an increase in the T2 relaxation time in the LV apex, even
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By  observing  the  edema  around  the  necrotic  core  more
nformation  is  added  to  the  late  enhancement  sequence.
he  high  sensitivity  appears  promising  to  assess  patients
ith  acute  chest  pain  without  ST-segment  elevation  or  raised
roponin,  as  myocardial  edema  occurs  early  in  ischemia
23,24].  In  addition,  detection  of  myocardial  edema  may
e  useful  to  assess  patients  with  acute  chest  pain  with  non-
iagnostic  electrocardiogram,  elevated  troponin  but  normal
oronary  angiogram.  However,  the  ischemic  etiology  cannot
e  diagnosed  solely  on  T2  mapping  images,  as  no  speciﬁc
attern  has  been  identiﬁed.
2 value in the area at risk and in the healthy
rea
gander  et  al.  [15]  showed,  in  animal  studies,  an  increased
2  value  (71  ±  6  ms  vs.  49  ±  3  ms)  in  the  infarcted  zone  com-
ared  to  remote  myocardium.  In  humans,  Verhaert  et  al.
ound  that  the  T2  in  the  infarcted  area  was  69  ±  6  ms
ompared  to  56  ±  3  ms  in  the  remote  areas  in  27  patients
ospitalized  for  acute  myocardial  infarction  and  imaged  at
.1  ±  1.3  days  (P  <  0.0001),  the  latter  value  being  not  signif-
cantly  different  from  that  of  control  subjects  (56  ±  2  ms,
 =  NS)  [9].  There  is  almost  no  overlap  between  T2  val-
es  in  the  infarcted  and  healthy  areas.  In  case  of  MVO,
he  T2  value  was  similar  to  that  of  the  healthy  muscle
n  =  13,  59  ±  6  ms).  Manrique  et  al.  reported  similar  results
n  a  population  of  24  patients  hospitalized  for  ST-segment
levation  acute  myocardial  infarction  who  were  reperfused
nd  imaged  within  7  days  (infarct  core  85  ±  24  ms,  remote
yocardium  63  ±  10  ms,  P  =  0.0001),  but  the  T2  value  in
emote  myocardium  was  higher  than  in  healthy  volun-
eers  (56  ±  5  ms,  P  <  0.0001),  indicating  that  edema  is  not
estricted  to  the  AAR  [10].  Finally,  the  subendocardial  T2
alue  was  not  different  from  the  subepicardial  value  in  the
nfarcted  area,  a  ﬁnding  that  is  discordant  with  physiol-
gy,  as  edema  has  been  demonstrated  9  times  greater  in
he  infarcted  area  than  in  the  salvaged  myocardium  [22].
v
s
a
(
igure 3. Short axis section on the LV in a patient with signs sugge
nhancement sequence shows contrast uptake localized in the middle 
f contrast into the interstitial sector (arrow). On the right: T2 mappi
hroughout the septum and the anterior LV wall (arrow).P.  Montant  et  al.
his  appears  as  an  argument  against  T2  mapping  in  order  to
ssess  the  AAR.
etection of infarcted segments
ompared  to  late  enhancement  (LE),  Verhaert  et  al.  found
6%  detection  sensitivity  on  a  patient  basis  (visual  analy-
is,  26/27  patients),  compared  to  72%  by  T2-STIR  (18/25
atients,  2  failed  recordings  due  to  inadequate  breathhold-
ng)  [9].  Sensitivity  was  not  assessed  on  a  segment  basis
r  using  a  threshold  method.  In  an  animal  study,  Ugander
t  al.  found  no  signiﬁcant  difference  in  the  AAR  assessment
etween  T2  mapping  and  the  microsphere  Gold  Standard
ethod  (26  ±  2  g  et  23  ±  1  g  respectively)  [15].
on ischemic myocardial edema
n  non-ischemic  acute  heart  diseases  (such  as  myocarditis,
akotsubo  cardiomyopathy,  transplant  rejection,  acrome-
alic  heart  disease),  the  T2  value  has  been  shown
igniﬁcantly  higher  in  the  edema  area  than  in  healthy
yocardium.  Fig.  3  illustrates  a  short  axis  view  of  the
eft  ventricle  in  a  patient  with  signs  suggestive  of  viral
yocarditis.  A  cutoff  of  59  ms  detected  edema  with  sen-
itivity  and  speciﬁcity  of  94%  and  97%,  respectively.  These
alues  are  far  higher  than  those  observed  with  T2-weighted
equences  [12].  Results  are  particularly  promising  in  moni-
oring  heart  transplant  patients  when  investigating  for  signs
f  graft  rejection.  The  endo-myocardial  biopsy  (EMB),  cur-
ent  gold  standard  for  the  graft  rejection’s  diagnosis,  is
n  invasive  procedure.  Moreover,  the  results  are  limited  to
iopsy  samples  (risk  of  false  negatives  for  localized  pro-
esses,  impossibility  to  assess  the  extension  of  the  disease).
2  mapping  could  be  performed  as  a  ﬁrst  line  exam,  pro-
iding  reassurance  in  case  of  normal  result  (T2  <  56  ms)  and
uggesting  EMB  in  case  of  abnormal  result  [25]. This  group
lso  describes  the  history  of  patients  with  pathological  T2
>  56  ms)  but  normal  biopsy  (grade  0  or  1)  and  subsequent
stive of viral myocarditis. On the left: the post-gadolinium late-
region of the septum associated with myocyte lysis and diffusion
ng showing an increase in the T2 relaxation time, which extends
ng  
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RMR  imaging  assessment  of  myocardial  edema  with  T2  mappi
graft  rejection  (grade  ≥  2).  This  ﬁnding  is  probably  due  to
the  focal  and  therefore  partial  nature  of  the  histological
diagnosis,  whereas  MRI  provides  a  global  assessment.
Heart transplant rejection
Marie  et  al.  measured  the  interventricular  septal  T2  value  in
patients  undergoing  EMB  within  7  days,  without  immunosup-
pressive  therapy  [25].  One  hundred  and  twenty  three  MRIs
were  performed.  Nineteen  patients  had  grade  ≥  2 rejection,
according  to  the  Society  for  Heart  Lung  Transplant  classiﬁ-
cation.  The  T2  value  was  50  ±  5  ms,  51  ±  5  ms  and  51  ±  8  ms
(P  =  NS)  in  groups  0,  1A  and  1B  respectively  (i.e.  no  rejection,
slight  local  rejection  and  slight  effusive  rejection).  Con-
versely,  the  value  was  higher  in  grade  2  rejection  (57  ±  5  ms,
P  <  0.05,  moderate  local  rejection)  and  even  higher  in  grade
3  rejection  (65  ±  8  ms,  P  <  0.05,  moderate  multifocal  rejec-
tion  or  moderate  diffuse  rejection).  No  patient  had  severe
(grade  4)  rejection.  Grade  ≥  2  rejection  was  associated  with
a  T2  value  of  60  ±  7  ms,  which  was  higher  than  for  grades  0-
1  (51  ±  6  ms,  P  =  0.0001),  enabling  a  cut-off  value  of  56  ms
(>  2DS  of  the  normal  value)  to  be  deﬁned  for  the  detection
of  graft  rejection  with  a  sensitivity  of  89%,  a  speciﬁcity  of
70%,  a  negative  predictive  value  of  97%,  and  a  positive  pre-
dictive  value  of  only  35%.  Usman  et  al.  made  a  similar  study
in  25  patients  and  observed  that  the  T2  value,  higher  in
the  3  patients  with  rejection  (62  ±  3  ms  vs.  52  ±  2  ms),  sys-
tematically  normalized  after  immunosuppressive  therapy,
suggesting  that  MRI  may  also  be  used  to  monitor  the  efﬁcacy
of  immunosuppressive  therapy  [11].
Other clinical situations associated with
edema
Usman  et  al.  carried  out  a  study  on  65  patients  including
20  controls,  25  heart  transplant  patients,  12  acute  myocar-
dial  infarctions,  6  acute  myocarditis  and  1  Takotsubo
cardiomyopathy  [26].  The  T2  value  was  similar  for  the  dif-
ferent  conditions,  in  both  the  healthy  area  (about  52  ms)
and  in  the  pathological  area  (about  65  ms).  Speciﬁcally,
the  T2  was  found  to  be  67  ±  8  ms  in  acute  myocarditis  and
68  ±  4  ms  in  Takotsubo  cardiomyopathy  (apical  and  median
segments).  Thakrar  et  al.  found  a  higher  T2  value  in  seg-
ments  with  LE  (70  ms)  than  in  the  other  segments  (60  ms)  in
25  patients  with  acute  myocarditis  [27].  Thavendiranathan
et  al.  found  a  higher  T2  value  in  pathological  myocardium
than  in  the  remote  myocardium  in  30  controls  and  30
patients  with  acute  myocarditis  (n  =  20)  or  Takotsubo  car-
diomyopathy  (n  =  10).  Values  for  the  remote  myocardium
were  similar  to  those  measured  in  controls  (65  ±  3  ms  versus
54  ±  2  ms,  P  <  0.001  and  66  ±  4  ms  versus  54  ±  3  ms,  P  <  0.001
respectively)  [12].  A  cut-off  of  59  ms  is  therefore  associated
with  a  sensitivity  and  speciﬁcity  of  94  and  97%,  respectively,
for  the  detection  of  myocardial  edema.  The  authors  point
out  that  the  abnormal  region,  as  visually  estimated  on  T2
mapping,  was  larger  than  the  dysfunctional  region  or  the
region  with  LE,  and  that  T2-weighted  images  (STIR)  could
only  be  analyzed  in  47%  of  the  patients  (problems  with  hold-
ing  breath,  arrhythmia  or  artifacts).  Of  the  remaining  14
patients,  2  T2-weighted  STIR  appeared  normal  whereas  T2
mapping  was  abnormal.  Finally,  Gouya  et  al.  carried  out  a
study  on  acromegalic  heart  disease,  which  is  associated  with
myocardial  edema,  reversible  on  treatment  (transphenoidal889
denectomy  or  somatostatin  analog)  [13].  The  T2  value
efore  treatment  was  71  ±  12  ms  (15  patients),  signiﬁcantly
igher  than  for  control  patients  (56  ±  4  ms,  P  =  0.0003),  and
hen  decreased  to  58  ±  7  ms  after  treatment  (P  =  0.0007),  a
alue  comparable  to  controls’  one.
imitations
o  date,  there  have  been  only  few  trials,  single-centered
esigned,  enrolling  few  patients.  The  apical  region  is  difﬁ-
ult  to  assess  because  of  partial  volume  effect.  Thin  left
entricular  walls  may  increase  the  risk  of  false  positive
esults  (risk  of  including  left  ventricular  cavity  or  epicardial
at  voxels).  The  visual  interpretation  is  subjective  thereby
onﬁrming  the  beneﬁt  of  threshold  values,  although  we  have
o  keep  in  mind  that  such  pathological  processes  cannot
e  considered  a « all  or  none  » phenomenon  but  rather  a
ontinuum  between  the  healthy  areas  and  the  pathological
ore  [12,25]. A  hybrid  approach  combining  visual  assessment
nd  measurement  of  the  T2-value  within  regions  of  interest
s  probably  the  best  approach  for  T2  maps  analysis  and  is
lready  applicable  in  clinical  practice.  The  etiology  of  the
isease  cannot  be  ascertained  by  T2  mapping  as  no  speciﬁc
atterns  have  been  identiﬁed  between  the  different  etiolo-
ies.  Finally,  T2  mapping  sequence  remains  optional  for  most
anufacturers  and  therefore  not  widely  available.
onclusion
 T2  mapping  sequence  measures  the  T2  transverse  relax-
tion  time  in  each  voxel  and  then  creates  a  parametric
mage  in  which  intensity  reﬂects  the  measured  T2  value.
he  image  obtained  may  be  analyzed  visually  on  a  grey  (or
olor)  scale  and  T2  can  be  rapidly  quantiﬁed  within  regions
f  interest.  Based  on  the  literature  currently  available,  T2
apping  is  a  highly  feasible  and  reproducible  technique,
hich  can  both  detect  and  even  quantify  myocardial  edema,
n  the  same  way  as  T2*  imaging  for  assessing  iron  overload
multi-echo  turbo  spin-echo  sequence).  This  sequence  has
any  advantages  compared  to  T2-weighted  sequences,  how-
ver,  numerous  limitations  remain  and  multicenter  trials  are
eeded  to  validate  T2  mapping’s  clinical  utility.
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